In dividing Drosophila sensory organ precursor (SOP) cells, the fate determinant Numb and its associated adaptor protein Pon localize asymmetrically and segregate into the anterior daughter cell, where Numb influences cell fate by repressing Notch signaling. Asymmetric localization of both proteins requires the protein kinase aPKC and its substrate Lethal (2) giant larvae (Lgl) [1-3]. Because both Numb and Pon localization require actin and myosin [4-6], lateral transport along the cell cortex has been proposed as a possible mechanism for their asymmetric distribution [5] . Here, we use quantitative live analysis of GFPPon and Numb-GFP fluorescence and fluorescence recovery after photobleaching (FRAP) to characterize the dynamics of Numb and Pon localization during SOP division. We demonstrate that Numb and Pon rapidly exchange between a cytoplasmic pool and the cell cortex and that preferential recruitment from the cytoplasm is responsible for their asymmetric distribution during mitosis. Expression of a constitutively active form of aPKC impairs membrane recruitment of GFP-Pon. This defect can be rescued by coexpression of nonphosphorylatable Lgl, indicating that Lgl is the main target of aPKC. We propose that a highaffinity binding site is asymmetrically distributed by aPKC and Lgl and is responsible for asymmetric localization of cell-fate determinants during mitosis.
ization [1, 2] . Our current understanding is that phosphorylation of Lgl by aPKC on one side of the cell directs the localization of Numb and Pon to the opposite side to ensure their segregation into one of the two daughter cells. Lgl exists in two conformational states [14] : a nonphosphorylated form that has an open conformation and positively regulates membrane recruitment of Numb and Pon, and a phosphorylated form that adopts a closed conformation and is inactive. Expression of a constitutively active form of Lgl, in which the aPKC phosphorylation sites are changed to alanine (Lgl3A), disrupts asymmetry of Numb and Pon and leads to uniformly cortical localization [3] . Conversely, expression of a truncated version of aPKC (aPKC-⌬N), which is no longer asymmetric, leads to impaired membrane recruitment of Numb. Thus, Lgl is an important regulator of asymmetric cell division although the mechanism by which it mediates Numb and Pon asymmetry is largely unknown.
So far, mainly lateral diffusion or transport along the cell cortex has been suggested as a mechanism of Pon localization [5] (Figure 1D ). This model is supported by experiments showing that a functional actin cytoskeleton is required for asymmetric protein localization [4, 15] . Furthermore, myosin and Lgl interact in a phosphorylation-dependent fashion [16] , and inhibition of myosin motor activity by treatment with 2,3-butanedione monoxime (BDM) leads to a uniformly cortical localization of Pon [5] . Quantitative live-imaging techniques helped us to gain more insight into the mechanisms governing asymmetric protein localization. Using confocal microscopy, we were able to image asymmetrically dividing Drosophila SOP cells within their native environment, associated with an epithelial sheet at the surface of the pupal notum. In a stereotyped lineage, SOP cells undergo a series of asymmetric divisions to give rise to mechanosensory organs [17, 18] . Fluorescence microscopy did not interfere with cell biological processes because fly pupae could still develop to the adult stage with normally differentiated sensory organs after imaging (data not shown).
Pon Localization during Mitosis
In order to study the dynamics of asymmetric protein localization, we recorded a time series of the division of an SOP cell expressing GFP-Pon [5] and Histone2B-RFP under the control of a specific promoter. Histone2B-RFP was used to visualize DNA, thus allowing us to correlate distinct steps of GFP-Pon localization with other mitotic events ( Figure 1A and Movie S1 in the Supplemental Data available with this article online). In interphase, some GFP-Pon was cortical, but a large part localized to the cytoplasm. As the cell entered mitosis, it rounded up and underwent strong membrane blebbings, indicative of local rearrangements of the cortical cytoskeleton. Interestingly, similar blebbing events were also observed in the first division of the C. elegans zygote (reviewed in [9] ). Unlike in SOP cells, however, they only occur on the anterior side of the C. elegans zygote, where Par-3/6 localize. Shortly after blebbing had started, chromosomes condensed and GFP-Pon accumulated on random sites of the cell cortex. The accumulations were transient and did not necessarily predict the position of the final Pon crescent ( Figure 1B ). This suggested that the process leading to Pon accumulation can take place all around the cell but is reinforced specifically in the crescent region. Some GFP-Pon was also observed at the nucleus. This signal might be due to GFP-Pon binding to the nuclear envelope or to the endoplasmic reticulum, and it disappears slowly after nuclear-envelope breakdown. At nuclearenvelope breakdown ( Figure 1A) , cortical blebbing ceased, the cell cortex smoothed, and first signs of asymmetric localization of GFP-Pon into an anterior cortical crescent were observed. As the cell progressed into metaphase, the GFP-Pon signal in the crescent area became stronger. Surprisingly, the intensity of the cortical area opposite of the crescent was almost not changed during this process. Thus, GFP-Pon might actually be recruited to the crescent directly from the cytoplasm rather than being transported along the cell cortex. Indeed, quantification of fluorescence intensity ( Figure 1C) showed that GFP-Pon recruitment at the cell cortex was accompanied by a comparable loss of cytoplasmic GFP-Pon. Note that local degradation of GFP-Pon in the cytoplasm is not responsible for this reduction because total GFP-Pon remained unchanged (not shown).
Subsequently, the metaphase plate was oriented with respect to the crescent [8] (Figure 1A) , and during cytokinesis, GFP-Pon segregated largely into the anterior daughter cell. We propose that GFP-Pon localization is a two-step process involving the establishment of a cortical area where the crescent will form and the progressive recruitment of protein to the predefined site until metaphase. Figure 2D) . A similar kymograph plot was obtained at prometaphase, although at this stage the apparent recovery is faster, presumably because additional Pon is recruited from the cytoplasm, and the cortical intensity actually increases during the experiment ( Figure 2D ). Taken together, these observations suggest a model where Pon is preferentially recruited from the cytoplasm to the site of crescent formation ( Figure 1E) . We propose that a cortical high-affinity binding site for Pon is established during mitosis and mediates specific recruitment of Pon to one side of the cell cortex. In a recent study [21] , FRAP and kymograph analysis were used to analyze dynamics of S. cerevisiae polar caps of Cdc42p. In contrast to Pon, Cdc42p exchanges more often with neighboring parts of the plasma membrane than with the cytoplasm. Therefore, rapid exchange with the cytoplasm is not a general property of all asymmetrically localized proteins.
Pon and

Lgl Phosphorylation Is Required for Pon Cortical Recruitment in SOP Cells
To test the role of Lgl in asymmetric protein localization in SOP cells, we measured cortical recruitment of GFPPon in lgl 1 mutant clones. In a similar experiment, Lgl was shown to be dispensable for Pon localization [20] , although Pon recruitment seemed to be delayed [22] . We calculated the ratio between total cortical and total cytoplasmic fluorescence. Because GFP fluorescence intensity is proportional to GFP-Pon concentration, this ratio should give a good estimate of the fraction of GFP-Pon localized at the cell cortex. Although GFP-Pon was still asymmetric (Figure 3A) , quantitative analysis revealed that the cortical GFP-Pon fraction was slightly but significantly reduced (p < 0.002, Student's t test) in Figures 3C and  3D) . Still, a slight cortical asymmetry was observed, which we think is due to the presence of endogenous aPKC. Even at anaphase, the degree of recruitment hardly reached that of control cells in prophase. To test whether Lgl phosphorylation was responsible for this phenotype, we coexpressed aPKC-DN with nonphosphorylatable lgl3A. Expression of lgl3A completely rescued the cortical-recruitment defect (Figures 3C and  3D) . The observed differences are not due to increased protein levels because total cellular GFP-Pon fluorescence remains constant (data not shown).
Thus, active, nonphosphorylated Lgl was needed for cortical recruitment of GFP-Pon although lgl 1 mutant clones did not show a very strong phenotype. The easiest explanation for the discrepancy between the lgl 1 mutant and ectopic Lgl phosphorylation is the perdurance of residual Lgl protein in mutant tissue. This is supported by previous observations describing Numblocalization defects in temperature-sensitive alleles of lgl [1] . It is possible that Lgl can mediate its effects even at protein concentrations below the detection limit of the antibody. Thus, Lgl may not be needed at stoichiometric levels for asymmetric protein localization in SOP cells, but it instead plays a catalytic or signaling role. Figure 4F ). To distinguish between these models, we measured FRAP rates for [24] , and Lgl has been proposed to regulate vesicular targeting to specific membrane domains [2] . Furthermore, asymmetric protein localization in Drosophila requires myosin VI, a motor whose main function is vesicle movement [25] , suggesting that vesicle trafficking plays some role.
Lgl Phosphorylation Regulates the Distribution of Numb and Pon Binding Sites
Our experiments show how quantitative analysis of biological processes can lead to new mechanistic insights. In cultured cells, quantitative measurements of GFP fluorescence have been used to determine association constants of protein complexes [26] . Although such experiments cannot yet be done in whole living multicellular organisms, improved bio-optical tools will certainly expand the territory for quantitative biological analysis in the future.
Conclusions
Our data provide insight into the dynamic protein movements of cell-fate determinants and their associated adaptor proteins during asymmetric cell division. We 
Confocal Microscopy and FRAP
Live imaging of Drosophila pupae was as described [29] . Images were recorded on a Zeiss LSM510 confocal microscope. All photobleaching experiments were done by scanning the bleach region at maximum laser intensity with a high numerical aperture objective. 
